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Abstract Jodine, as one of the essential trace
elements for human body, is very important for the
proper function of thyroid gland. In some regions,
people are still suffering from iodine deficiency
disorder (IDD). How to provide an effective and
cost-efficient iodine supplementation has been a
public health issue for many countries. In this review,
a novel iodine supplementation approach is intro-
duced. Different from traditional iodine salt supple-
ment, this approach innovatively uses cultivated
iodine-rich phytogenic food as the supplement. These
foods are cultivated using alga-based organic iodine
fertilizer. The feasibility, mechanics of iodine absorp-
tion of plants from soil and the bioavailability of
iodine-rich phytogenic food are further discussed.
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Introduction

Iodine is an essential element for the synthesis of
thyroid hormone, which plays a key role in metabo-
lism, including enhancing protein synthesis, promot-
ing growth and maintaining normal brain function
(Gerber et al. 1999). If iodine daily intake falls below
certain levels, such as 40 pg for infants, 50 pg for
7-12 months, 70 ng for 1-7 years, 120 pg for
7-12 years, 150 pg for adults (above 13 years),
200 pg for pregnant and 290 pg for lactating women
(Andersson et al. 2007), iodine deficiency disease
(IDD) such as goiter, cretinism (clinical manifesta-
tions including impaired cognition, dwarf, deaf, dumb
and paralysis), abortion, stillbirths, prenatal and infant
mortality, and congenital malformation could occur
(Melse-Boonstra and Jaiswal 2010; Rose et al. 2002;
Zimmermann 2008). Iodine deficiency is the leading
cause of preventable mental retardation. According to
an epidemiological investigation (Hetzel 2005; WHO
et al. 1999), iodine deficiency occurs in 130 countries
and regions. About two billion people live in iodine
deficiency areas, and 655 million have thyroid
enlargement which accounts for 14 % of total popu-
lation around the world. The prevalence of iodine
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deficiency is lowest in the Americas (13.7 %) and the
highest in Europe (44.2 %). The Southeast Asia region
accounts for 28.8 % of the global population with
insufficient iodine intake (Andersson et al. 2012). As a
major affected area of IDD, China has a population of
210 million who are under the threat of iodine
deficiency (de Benoist et al. 2004). The potential of
iodine deficiency for these people posed severe
negative effects on the quality of life in these
communities. Thus, eliminating iodine deficiency
had been adopted as a public health policy for decades
in many countries. Practically, many governments
enforced to manufacture and sell iodine-enriched
supplement, such as iodized salt (Horton and Miloff
2010; Sooch et al. 2001).

Seafood is a naturally iodine-enriched food. Unfor-
tunately, seafood may be only consumed by popula-
tion along costal area where IDD often is not an issue.
For those people who live in inland, they usually do
not have sufficient access to seafood due to its
comparably high price. Another reason is that seafood
is not in the preferred diet list for local resident.
Therefore, seafood may not be an ideal source of
iodine supplement for iodine deficiency population in
general.

Todized salt is currently the most prevalent food
supplement to control IDD (Vejbjerg et al. 2007;
WHO et al. 1999). However, inorganic iodine (KI or
KIO3) from salt is considered less bioavailable than
the iodine from plant (or animal) sources (Zheng et al.
2001). Furthermore, it is well known that iodine is
readily to volatilize in the process of production,
storage and transport of iodized salt (Biber et al. 2002;
Longvah et al. 2012; Waszkowiak and Szymandera-
Buszka 2008). Such volatilization is reinforced when
it is under Chinese high-temperature cooking practice.
To compensate the iodine loss in cooking practice,
Chinese government originally set a high iodine
standard in salt (60 mg/kg) to meet the World Health
Organization (WHO) recommended level, which is
150-200 pg day L™ in urinary. This practice was
later found to result in excess iodine absorption for
certain population because iodine intake pattern is not
always the same for individuals, and led to the
government to reset the iodine level in salt (30 mg/kg)
(de Benoist et al. 2008). Overdose of iodine will also
cause adverse effects such as hyperthyroidism and
chronic lymphocytic thyroiditis (Feldt-Rasmussen
2001; Zahidi et al. 1999).
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In a normal food chain, 75-85 % of iodine in
human body comes from phytogenic food (DeLong
et al. 1997; Welch and Graham 2005). Iodine in
phytogenic food usually combines with amino acid,
which can be readily assimilated after the reduction of
iodide to iodine ion. The bioavailability of iodine in
many foods can be as high as 99 % (Katamine et al.
1987). And the whole process is totally safe for
human. Researches have shown that plant products,
such as rice, spinach, and cereal, can be considered as
potential source of iodine supply to mitigate iodine
deficiencies (Dai et al. 2006; Hong et al. 2008a, b;
Mackowiak and Grossl 1999; Weng et al. 2008a; Yu
et al. 2011). Iodine in phytogenic food comes primar-
ily from soil. Thus, the background value and
bioavailability of iodine in soil determines whether
or not the iodine in vegetables or fruits can meet the
need of human body. It is the low background content
of iodine in the ecosystem, especially in soil, that
directly contributes IDD in a region (Korobova 2010).
It is possible to achieve effective iodine supplemen-
tation through daily diet when the phytogenic food is
produced from the iodine-rich soil. Thus, IDD may be
well controlled or even eliminated. In this article, a
sustainable strategy to control IDD by growing
vegetables in iodine-enriched soil is proposed and its
feasibility is reviewed.

Algal iodine fertilizer

It is well known that the low iodine content in soil
results in low iodine phytogenic food, which causes
IDD in those affected regions (Ren et al. 2008). How
to improve the iodine content in soil in these areas?
The most obvious way is to add exogenous iodine to
soil and thus elevate the iodine content in phytogenic
food. Kelp (Laminaria japonica Aresch) is an abun-
dant marine species that can accumulate iodine as well
as mineral substance such as potassium, magnesium
and ferrum (MiSurcova et al. 2011). The resultant
iodine concentration could be hundreds and thousands
times higher than the environment where the kelp is
grown. In addition, previous researchers indicated that
the contents of total iodine in Laminaria japonica were
highest, the iodine content could reach 734 mg kg™
(wet basis), and most of which is water soluble (Hou
et al. 1997; Teas et al. 2004). Therefore, kelp can be
utilized as excellent exogenous iodine source. Weng
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Fig. 1 Porous structure in diatomite provides strong adsorption
capability to the host soil and facilitates plant growth. a Infrared
spectra of diatomite. The strong absorption at 912, 798, 695,
537, 470 and 453 cm™! indicates the coexistence of smectite

et al. (2008a) found out that granulated algal iodine
fertilizer manufactured by mixing grounded dry kelp
with low-grade diatomite (passing through 100-mesh
sieve) at a ratio of 1:1 could be an ideal fertilizer for
elevating iodine level in soil and improving iodine
uptake by plants. The porous structure in diatomite (as
shown in Fig. 1) has strong absorption capability and
can facilitate the plant to absorb more nutrients from
the surrounding soil (UUSG 2008; Weng et al. 2008a;
Wu et al. 2005). As a result, diatomite-containing algal
iodine fertilizer can be an excellent soil amendment by
creating a favorable environment for plant uptake of
iodine.

To further study the residual iodine content after the
soil was fertilized by algal iodine fertilizer, a series of
measurements were taken 90 days after grounded kelp/
kelp diatomite mixture was applied (Weng et al. 2008a).
Figure 2 demonstrates the relationship between residual
iodine content and the original iodine concentration in
fertilized soil and iodine vertical distribution 90 days
after fertilization (Weng et al. 2008a). As shown in
Fig. 2a, when original fertilized soil has an iodine
concentration lower than 40 mg/kg (Fig. 2a, black
dots), the residual iodine concentration increases rap-
idly with increasing iodine fertilizes, and the residual
iodine concentration in the soil is about 60 % of original
iodine added (Fig. 2a, circles). However, if the exog-
enous iodine added in soil exceeds 40 mg/kg, this
increment trend slows down. When the original iodine
content in the soil is 100 mg/kg, the residual iodine is

400

and illite minerals in the diatomite. b Transmission electron
microscopy (TEM) photograph of raw diatomite (x2,900). The
floccules in the porous structures are smectite and illite minerals
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Fig. 2 The iodine content in soil 90 days after iodine fertilizer
application. a The residual iodine content and residual
percentage 90 days after iodine fertilizer application at different
strengths. b Depth profile of iodine content 90 days after iodine
fertilizer application at 180 mg/kg application strength

about 25 % of original amount. Even when the iodine
content is increased to 300 mg/kg, only 13 % of original
iodine is conserved. This illustrates that the ability of
soil to conserve iodine is very limited. Besides those
uptakes by plants and conserved in soil, the exogenous
iodine added to soil can either enter atmosphere by
volatilization or migrate to groundwater by leaching.
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Figure 2b shows iodine vertical distribution in soil
90 days after fertilization. Two set of fertilizers with
same iodine concentration (180 mg/kg) were applied
at 9 cm from the top of the soil. One is kelp diatomite
mixture (1:1 kelp and diatomite), and the other is
grounded kelp only. As shown in Fig. 2b, the iodine
concentration of the soil has a symmetric decreasing
distribution centered at the 9 cm from the top. For
kelp—diatomite case, the remnant iodine concentration
at 9 cm is significantly higher than that of kelp-only
case. This difference suggests that the diatomite in
algal iodine fertilizer plays a significant role in
keeping iodine in soil by adsorption and further
slowing down the release of iodine from the fertilizer.
As a result, iodine loss through leaching or volatili-
zation may be reduced and iodine concentration may
be maintained for plant uptake. Previous researches
had revealed that high exogenous iodine concentration
may be harmful to crop growth (Shinonaga et al. 2001;
Weng et al. 2003; Weng et al. 2008b; Hong et al.
2007). Once iodine concentration is lower than 25 mg/kg,
there has no detectable influence on vegetable growth.
As the concentration increases, the plants start to be
affected. If the exogenous iodine concentration is
higher than 50 mg/kg, the growth of plant is signif-
icantly affected such as yellow leaves, short plant and
small fruits.

In addition, the algal iodine fertilizer is relatively
easy to be stored and transported (Hong et al. 2009a, b).
Long-term use of algal iodine fertilizer can signifi-
cantly increase the iodine background value of soil and
thus cultivate iodine-rich vegetables. After a long
period of iodine fertilizer application, the iodine level
of the whole food chain can be elevated gradually by
biogeochemistry process. Furthermore, the iodine
deficiency ecosystem may be rescued, and the regional
IDD may be eliminated.

Characteristics and pathway of iodine uptake

Many works have studied the characteristics of plant
uptake of exogenous iodine (Hong et al. 2009a, b;
Shinonaga et al. 2001; Tsukada et al. 2008; Weng et al.
2013a; Zhu et al. 2003). Most researches conducted
experiments using KI and KIO; as iodine source. The
iodine application methods include hydroculture,
foliage spray and pot culture. These studies concluded
that exogenous iodine was readily to be absorbed by
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Fig. 3 Idoine content of edible part of leaf vegetables and fruit
vegetables with varying iodine-rich fertilizer applications

vegetables. Weng et al. (2013b) cultured many types
of vegetables in fields using algal iodine fertilizer as
the iodine source. They found out that algal iodine in
soil could be absorbed by vegetables under field
conditions.

Figure 3 shows the iodine content in edible part of 6
leaf vegetables and that of seven fruit vegetables (e.g.,
eggplant and tomato) under different intensity of
iodine fertilizer application (Weng et al. 2008a). The
leaf vegetables include cabbage, spinach, potherb
mustard, Chinese cabbage, coriander and celery. And
the fruit vegetables include tomato, cucumber, long
cowpea, eggplant, hot pepper, young soybean and
radish. There is significant increase in iodine concen-
tration with increasing fertilizer application for both
vegetables. The leaf vegetables absorb significantly
more iodine than the fruit vegetables. Differences in
iodine uptake exist between different types of vege-
tables. Among all leaf vegetables tested, Chinese
cabbage has the highest iodine uptake, while young
soybean and radish are the most iodine-absorbed
vegetables in fruit vegetable category. The high iodine
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Fig. 4 Uptake rate of iodine by cabbage and celery from soil

absorption of young soybean is due to its ability of
continuous accumulation of exogenous iodine (Hong
et al. 2008a, b). As for radish, it is absolutely different
from other fruit vegetables. Radish, as the root of the
plant, itself involves in iodine absorption process. It is
obvious that uptake of exogenous iodine is not only
influenced by the intensity of iodine fertilizer applied,
but also by the types of vegetables.

The plant root can obtain element via two pro-
cesses, passive and active uptake (Redjala et al. 2009).
Passive uptake is dominant if the concentration of an
element in external environment is much higher than
that of normal circumstance (usually no fertilizer
applied). In a hydroculture experiment, cabbage and
celery were cultured in liquid culture supplied with
different iodine concentration and different iodine
forms, I0;™ or I". As shown in Fig. 4, uptake of 103~
by cabbage and celery follows Michaelis—Menten
kinetic model if the exogenous iodine is in the range of
0.01-0.5 mg/LL. (Hong et al. 2009a, b). Under this

0 2 4 6 8 10
Iodine level (mg-L'!)

situation, uptake of 103~ by cabbage and celery is
dominated by metabolism. For I uptake, the pattern is
different. When exogenous iodine concentration is
much higher than 0.5 mg/L, uptake rate is positively
related with iodine concentration (r > 0.99), which
shows characteristics of passive uptake. Obviously,
under such high iodine concentration, the uptake is
dominated by nonmetabolic factor.

As shown in Fig. 4, under low iodine concentration
(< 0.5 mg/L), the two plants (cabbage and celery)
tend to uptake more iodine in the form of 103~ than I™
(Hong et al. 2009a, b). When iodine concentration is
higher than 0.5 mg/L, I" is the preferred form to be
absorbed. This result reveals that the uptake of iodine
is an active uptake process under low concentration,
and IOz~ is a more favorable form to be absorbed.
When iodine concentration of liquid culture is high,
the iodine absorption is passive uptake. The smaller
ionic radius of I than IO5; ™ facilitates its entrance into
plant plasma membrane.
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Table 1 Uptake of '*°I by cabbage

Cabbage Dry Specific activity Activity Percentage Percentage (total Accumulation
weight (g) (Bq.g-1) (Bq) (%) iodine) (%) coefficient (K)

Root 1.08 1,163.48 1,256.6 19.80 - 13.85

Stalk 4.16 607.12 2,525.6 39.79 - 7.23

Petiole 8.42 205.42 1,729.6 27.25 - 2.45

Leaf 15.08 55.38 835.13 13.16 - 0.66

Whole plant 28.74 220.52 6,346.9 100 10.01 2.63

a b

a: contain I b:no 1

Fig. 5 Radioautograph of cabbage leaves shows the distribu-
tion of the uptake iodine

As indicated previously, iodine absorbed by root
can migrate to stalk and leaf. The analysis of '*I
isotope tracing experiment shows that most (80.20 %)
of iodine absorbed transfers to stalk, petiole and leaf in
a descending order (Table 1) (Weng et al. 2009). In
particular, 39.79 % of the '*’I accumulates in the
stem, 27.25 % in the petiole and 13.16 % in the leaf.
The accumulation coefficient can be defined as

K- activity of '2I(vegetable parts)
N activity of 1231 (soil)

Table 1 shows the average accumulation coefficient of
the cabbage is 2.63 (Weng et al. 2009). However, the
accumulation coefficient of root and stalk of cabbage
are 5.3 times and 2.7 times greater than the average
value. The accumulation coefficient of petiole and leaf
is lower than the average value. Figure 5 is the
autoradiography of cabbage leaves fed with radioac-
tive '*I (Weng et al. 2009). Figure 5a is the leaf
containing '*°I, while Fig. 5b is the leaf without 1. It
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is obvious that petiole accumulates more '*°I than leaf,
which is indicated by darker shades. The autoradio-
graphic data are consistent with the data of specific
activity of '’I. Although the accumulation coeffi-
cients of petiole and leaf are smaller than those of root,
most iodine uptake is stored in petiole and leaf because
of their dominant mass fractions in cabbage.

The relationship between iodine in vegetables
and iodine in soil

In order to investigate the fate and transport of iodine
in a soil—plant system, a radioactive iodide (‘*°I) tracer
experiment was conducted in two different kinds of
soils (Weng et al. 2009). Sandy loam means most of
the soil particles are bigger than 2 mm in diameter,
which gives good water drainage and has a low
capability to hold nutrients. Paddy soil is a simple soil
used for the cultivation of rice under a temporary-
flooded condition, which cannot be considered as
natural soil due to modifications such as levelling,
cultivation, puddling, submerging and application of
natural and artificial fertilizers. Figure 6 shows a
dynamic relationship between '*°I in vegetable (spe-
cifically Chinese cabbage) and '*I in soil (Weng et al.
2009). As the plant grows, more '*°I in soil has been
transferred to vegetable. A dual-box model can be
used to describe this biogeochemistry relationship as
indicated at the right corner of Fig. 6. The variation
rate of total activity of '?°I can be described as follows:

dg,

dq = kiags — (ka1 + kx0)gs
t

dg;

d_qt = ka1qy — (k12 + k20)gs

where g and ¢, are total activity of 251 in soil and
vegetable, respectively; k,, is rate constant of iodine’s
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Fig. 6 Dynamic relationship between '*I in vegetable and '*1
in soil (a simplified dual-box model was constructed in right
corner to depict the dynamic relationship)

migration from soil to vegetable; k,; is rate constant of
iodine’s migration from vegetable to soil; ko and k»g
are the rate constants of iodine loss in vegetable and
soil, respectively. The total activities are the product
of the specific activity (Cs or C,) and the mass (mg or
my): gs = Cs mg, g, = C, m,. The initial specific
activity of '*I namely Cy (0) =0. By defining
El = klO + kzo, E2 = k20 + k217 Cs and CV can be
described as follows:

Cs(o) (EZ — )”1) —t
- (&
ll — A2

s(0)(Ey — 7 _
+C‘( (B2 —A2)

G = M — 2

c, = MGOkn mGOkn

B m\,(il — ).2) mv(;bl - /12)
where
1
=3 [El +Ey+ \/(E1 —E) + 4K12K21}
1
Ay = 3 |:El + E; — \/(El - EZ)Z +4K12K21}

The specific activity of '*°I in soil box model and
vegetable box model can be expressed by biexponen-
tial equation. Taking ko as 0 due to negligible iodine
volatilization, together with the initial specific activity
value, kg, k> and k,; can be calculated. These rate
constants are listed in Table 2 (Weng et al. 2009).

Table 2 Rate constants describing the speeds of transfer
between two compartments (soil and plant)/Bq day_l

Soil types klO k12 k20 k21
Paddy soil 0.04119 0.37375 0 0.36857
Sandy loam 0.05156 0.32856 0 0.32776

The difference between ki, and k,; represents
iodine accumulation in vegetable. For paddy soil, the
difference between these two rate constants is 0.0052,
while this difference is 0.0008 for sandy loam.
Apparently, vegetable cultivated in paddy soil absorbs
more iodine than that in sandy loam. Clay contents of
paddy soil and sandy loam are 36.86 and 2.5 %,
respectively. For paddy soil, sandy particle content is
17.8 %, while for sandy loam, the sandy particle
content is as high as 66.3 %. The content differences
between paddy soil and sandy loam are correlated with
the iodine uptake differences for plants. It is the soil
texture that may influence the plant iodine uptake. For
example, the porous structure of clay can serve as a
reservoir to retain iodine and thus slowly release
iodine for plant uptake. The clay minerals in diatomite
also facilitate the plant uptake process.

Results of the previous studies indicate that the
vegetable adsorption only counts for a small fraction
of iodine loss in soil, iodine loss in soil, primarily
through leaching and volatilization and is mainly
caused by the physicochemical and biochemical
properties of soil. Iodine loss was highly enhanced
by the presence of plant, and a marked loss was found
from rice plants cultivated under a flooded condition
(Muramatsu and Yoshida 1995). It has been suggested
that the soil sorption processes could affect iodine
volatilization (Whitehead 1981), the rate of loss of
iodine from the soil solution is dependent upon its
speciation, while iodide is lost more rapidly (minutes—
hours) than iodate (hours—days) especially in high
organic matter soils (Sheppard and Hawkins 1995;
Shetaya et al. 2012). What’s more, the soil bacteria
plays an important role in the process of iodine
volatilization; the emission of iodine was stimulated
by the presence of yeast extract but was inhibited when
soils were autoclaved (Amachi et al. 2003). In the
leaching experiments conducted by Weng et al.
(2009), they found out there was difference in 1251
loss between paddy soil and sandy soil columns. In
column experiments by Liu et al. (1998), they found
out after passing the soil volume, about 5.26 % and
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Fig. 7 Relative concentration of iodine in subcellular fractions of iodine-supplemented plant tissue. Most iodine is accumulated in

cytoplasm, while organelle has the least iodine accumulation

11.05 % of I was leached from the laterite and
paddy soil. In addition, volatilization of plant iodine
may be another process for soil iodine transportation
to the atmospheric environment (Bostock et al. 2003;
Muramatsu and Yoshida 1995).

Distribution of iodine in vegetables

To further understand iodine distribution in vegeta-
bles, different organs in two categories of vegetables,
which include leaf vegetables and fruit vegetables,
were systematic analyzed. For leaf vegetables, iodine
concentration in root is higher than that in leaf. While
for fruit vegetables, organ’s iodine concentration has a
descending order of root> leaf> stalk> fruit (Weng
et al. 2013b).

Figure 7 shows the relative concentration of iodine
in subcell units such as cell wall, organelle and
cytoplasm (soluble part of cell) (Weng et al. 2013b).
Most iodine is accumulated in cytoplasm, while
organelle has the least iodine accumulation. About
58 % (ranging from 40 to 77 %), 28 % (ranging from
14 t0 40 %) and 14 % (ranging from 4 to 24 %) of the
iodine are stored in cytoplasm, cell wall, and orga-
nelle, respectively.
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Agl precipitate-based method was used to reveal
the spatial distribution of iodine in vegetable cells
(Weng et al. 2013b). Figure 8 is a transmission
electron microscopy image of cells of iodine-rich
cabbage and iodine-free cabbage (Weng et al. 2013Db).
No dark Agl precipitate can be found in root cell of
iodine-free cabbage (8a), whereas it is abundant in
root cell of iodine-rich cabbage (8b). The accumula-
tion of iodine in fibrous tissue reveals that large
amount of iodine absorbed is retained by fiber-rich
root instead of transferred upward.

Figure 8c is an image of cabbage stalk cell without
Agl. In contract, black Agl precipitate appears in stalk
cell of the iodine-rich cabbage (Fig. 8d). Lots of Agl
dots can be observed in chloroplast, which is the place
for photosynthesis. Iodine absorbed by root is trans-
ferring to the indispensable organelle involving
important functions such as photosynthesis.

Chloroplast (Chl), cell wall (W), vacuole (V) and
starch grain can be easily found in leaf cell of iodine-
free cabbage, as shown in Fig. 8e. However, there is
no Agl precipitate. Again, Agl can be found in
chloroplast of leaf cell of iodine-rich cabbage, as
shown in Fig. 8f. All the results indicate that iodine
absorbed from root can be transferred with water to
many important organelles.
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Fig. 8 TEM micrographs of various cell types from cabbage
indicating that iodine absorbed from root can be transferred with
water to many important organelles. a Root cell (control group,
% 8,000). b Root cell (experiment group, x60,000). ¢ Stalk
cell(control group, x12,000). d Stalk cell (experiment group,

Bioavailability of iodine in vegetables

We have known that consumption of more inorganic
iodine in salt would result in iodine deficiency disorders
(IDD). But what will happen if we ingest too much

%x20,000). e Leaf cell (control group, x12,000). f Leaf cell
(experiment group, x20,000). Chl chloroplast, Ft fibrous tissue,
I intercellular space, Ig Agl, M mitochondria, N nucleus, Nm
nuclear membrane, V vacuole, W cytoderm

iodine from iodine-rich vegetables? Researches car-
ried out by Chi (2002) gave us the answer. In his
researches, he compared the effect on supplementing
iodine of inorganic iodine with that of organic in kelp
and found out if getting excessive inorganic iodine, the
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mice appeared the drop of weight and goiter. If a
mouse was given beyond 40 ng iodine/day, obvious
goiter appeared. Contrastingly, the dose of organic
iodine in kelp even exceeded 200 pg iodine/mouse day,
but goiter did not appear. Even long-term consump-
tion of organic iodine in kelp (200 pg/mouse), iodine
toxicity did not occur (Gu et al. 2003). When
10,000 mg/kg bw organic iodine was given at once,
the mouse did not appear iodine poisoning and death
(Zhuang et al. 2003). So iodine in vegetables is
much more effective and safe than inorganic iodine
in salt.

Bioavailability is a term used to describe the way
chemicals are absorbed by humans and other animals.
It can be defined as the proportion of the total mineral
in a food utilized for normal body functions (Fair-
weather-Tait 1992). The bioavailability of iodine in
vegetables is very important when evaluating the
effectiveness of the vegetable-based iodine. In order to
estimate the bioavailability of iodine in foods in
human nutrition, an in-vivo study using two seaweeds
(laminaria hyperborean and gracilaria verrucosa) was
carried out by Aquaron et al. (2002). The research
shows iodine bioavailability is from 61.5 to 85 %.
However, when Romaris Hortas et al. (2011) used an
in-vitro digestion method based on element dialyz-
ability using a gastric and intestinal digestion with
pepsin and pancreatin with bile salts, respectively,
they found out that the concentration of bioavailable
iodine is just from 2.0 to 18 % within the tested nine
different types of edible seaweed (Dulse, Nori,
Kombu, Wakame, Sea Spaghetti, Sea Lettuce, Spiru-
lina, Agar—agar, NIES-09). The difference may come
from the different research methods (in-vivo study and
in-vitro procedure). lodine dialyzability was found to
be independent on the total iodine content. What’s
more, it is not easy to found correlations between the
type of seaweed and the dialyzability. The bioavail-
ability of a substance can be influenced by the major
nutrients released from the foodstuff during the
simulated in vitro process (Romaris-Hortas et al.
2012).

The stability of iodine in vegetables is an important
issue in evaluating the effectiveness of the vegetable-
based iodine supplement approach to reduce IDD.
Research by Weng et al. (2012) performed a series of
release studies and cooking tests to evaluate the
stability of iodine in iodine-rich celery. Figure 9
shows the release of iodine from iodine-rich celery
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with soaking time (Weng et al. 2012). In this
experiment, 1 g stalk of iodine-rich celery was soaked
in 10 ml deionized water at room temperature for
36 h. The release profile of iodine can be classified
into three stages. The first 8-h release is a low release
stage. By the end of eighth hour, only about 4.08 mg/kg
iodine is released, which counts for 10.5 % of the
original iodine. The second stage spans from 8th to
24th hour, which is the major release stage. By the end
of 24th hour, the iodine released reaches 12.89 mg/kg,
which is 33.3 % of the original iodine. The third stage
is a stabilized stage during which almost no more
iodine was released. The release study indicates that
iodine-rich celery has the good ability to retain iodine
in aqueous environment. Even after 24-h soaking, only
1/3 of the iodine is lost.

In many cultures, cooking is a necessary step to
make vegetables more tasty (Longvah et al. 2012;
Weng et al. 2012). It is important to address the
possibility of iodine loss during cooking process. To
compare the iodine loss of iodized salt and iodine-rich
celery in cooking process, two sets of celery/salt
mixture were tested under the same cooking condition
(Fig. 10) (Weng et al. 2012). These two combinations
include (1) common celery with iodized salt and (2)
iodine-rich celery with iodine-free salt. After the
mixture was boiled to 100 °C, at predetermined time
point, the celery and soup samples were taken and the
iodine concentrations were measured. Figure 10a
shows iodine concentration change in iodine-rich
celery and soup while cooking. The iodine preserved
is the summation of iodine in celery and soup.
Obviously, after 30-min cooking, only about 15 %
of iodine in celery is lost. It is important to notice that
about 60 % of original iodine remains in celery; iodine
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in soup only counts small percentile in total iodine
preserved. In many cases, the soup of the vegetable is
discarded after cooking. Since most iodine is reserved
in celery which is ready to be consumed, it is easy to
keep track of the amount of iodine taken. When
iodized salt cooked with celery, after 2-min cooking,
about 50 % total iodine is lost and the iodine
absorption by celery is negligible, as shown in
Fig. 10b. After 5 min, the loss of iodine reached
69 %, whereas the iodine absorbed by celery is only
1.6 %. As comparison, for iodine-rich celery case, the
celery retains 93 and 86 % of iodine after cooking for
2 and 5 min, respectively. These results demonstrate
that the iodine in iodine-rich celery is more stable than
that in the iodized salt during cooking processes, and
iodine-rich celery has better bioavailability.

The average iodine content of edible part of
cabbage, spinach, potherb mustard, Chinese cabbage,
coriander and celery is 9.1, 1.8, 5.8, 4.2, 19.3 and
9.4 mg/kg, respectively, when the application inten-
sity of algal iodine fertilizer reaches 12 mg/m”.
Assuming the moisture content of fresh vegetables
as 75 %, then the iodine content of edible part of fresh
vegetables is 2.28, 0.45, 1.45, 1.05, 4.83 and 2.35 mg/kg
(fresh mass), respectively. The daily iodine intake,
recommended by WHO, is 150 pg for adults (above
12 years) and 200 pg for pregnant and lactating
women. Assuming the bioavailability of iodine in
vegetables as 73.25 %, therefore, 45-455 g iodine-
rich leaf vegetables are sufficient to meet the recom-
mended dose for adult. For fruit vegetables, if the
application intensity of algal iodine fertilizer reaches
75 mg/m?, the average iodine content of eggplant, hot
pepper, cucumber, tomato and long cowpea is 1.23,
0.88, 0.91, 1.12 and 0.92 mg/kg, respectively, and
15.56, 21.30, 10.48, 7.74 and 8.42 mg/kg, respec-
tively, for the leaf and stalk part. When application
intensity of algal iodine fertilizer is 50 and 35 mg/m?,
average iodine content of young soybean and radish
can reach 1.82 and 1.74 mg/kg, respectively. Since
fruit iodine content is comparable to that of leaf
vegetables, iodine-rich fruit can be an alternative to
iodine-rich leaf vegetables. Instead of discard the
stalks and leaves of fruit vegetables, they can be
grounded as feedstock for poultry and livestock. By
this way, iodine background of food chain can be
elevated without extra effort is made and eventually
benefit the iodine deficiency ecosystem.

Summary

The iodine-rich phytogenic food could be a more
effective iodine supplement compared with traditional
iodized salt, due to its high bioavailability and low risk
of overdose. The process to produce iodine-rich
phytogenic food is environmental-friendly and sus-
tainable. As the main component of algal iodine
fertilizer, kelp (Laminaria japonica Aresch) is an
excellent species for large-scale cultivation in coast
area with high productivity. Besides iodine, kelp also
can absorb other nutritious elements such as nitrogen,
phosphorus, potassium and magnesium. The algal
iodine fertilizer provides an organic source of iodine
for vegetables or crops; meanwhile, it can also
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improve the physical and chemical properties of soil,
providing necessary macro- and micro-nutrients,
which cannot be found in other iodine enrichment
approach such as adding inorganic iodine in drip
irrigation. People in underdeveloped regions not only
benefit from iodine supplement from iodine-rich
phytogenic food, but also take the advantage of
sustainable improvement of the soil quality locally.
Therefore, the iodine-rich phytogenic food could be a
promising method for the prevention and control of
iodine deficiency. Heavy metal contaminant of algal
could be an issue in some regions, and the related
monitoring should be a part of quality control of the
algal iodine fertilizer production. On the other hand,
although the transport cost of algal iodine fertilizer
could be increased for the inland region, the develop-
ment of modern efficient transportation system could
well reduce the cost to a degree that for most areas, the
transport cost would be acceptable considering the
overall benefits obtained from the organic fertilizer.
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